The influence of the gas flow rate and vibration intensity in the presence of the solid phase (polypropylene spheres) on axial mixing of the liquid phase in a three phase (gas-liquid-solid) Karr reciprocating plate column (RPC) was investigated. Assuming that the dispersion model of liquid flow could be used for the real situation inside the column, the dispersion coefficient of the liquid phase was determined as a function of different operating parameters. For a two-phase liquid-solid RPC the following correlation was derived: 
INTRODUCTION
Multiphase systems are very often applied in biotechnology (immobilized microbes or enzymes on a solid support used as a catalyst for microbic or enzyme fermentations) and chemical processes where the reactants and catalyst are present in different phases (gas-liquid and solid-catalyst). The reaction rate of such processes usually depends on the specific contact area between the phases (fluid and solid) as well as on the mass transfer rate from one phase to the other. External mixing in a reactor of different and specific construction and usage could generate phase dispersion.
The flow of phases in continuous processes is usually not ideal and in some cases such deviation from the ideal flow pattern (plug flow or ideal mixing) might be substantial. Such deviations from the ideal type of fluid flow are usually: channelling, recycle flow or stagnant zone formation inside the reactor or some other type of equipment used in the chemical process industry (distillation columns, absorbers, adsorbers, heat exchanger). When such non-ideal behavior of fluid flow occurs, an important decrease of process unit productivity may be detected.
Knowing the effect of non-ideal flow is of particular importance in the case of scale-up design. In many cases it is enough to have information about the residence time distribution of a fluid in a reactor determined by stimulus-response methods with the appropriate tracer. The diminishing effects of non-ideal flow in the design of industrial units might lead to enormous errors in their exploitation.
Reciprocating plate columns (RPC) have primarily been used in the last few decades in the process of liquid-liquid extraction. 1, 2 This type of unit must have good characteristics leading to small axial mixing of both the continuous and dispersed phases. The investigation presented in this paper was performed on a RPC of the Karr type, patented in 1959, characterized by a larger open area of the plates of the vibration set (< 60 %). 2 This type of column is known today as the Karr type of RPC. In industrial applications one may find columns with diameter up to 1.7 m and 18.3 m in height. 3 This type of RPC has been used in the last two decades as a specific type of bioreactor. [4] [5] [6] [7] [8] The advantage of such a bioreactor compared to a bubble column is the evidence that external mixing generated by the vibration set increases the gas hold-up specific interfacial gas-liquid area in the column, thus improving the contact of phases. Finally, as a consequence of such a positive influence of vibrational mixing, one might calculate a substantial increase of the mass transfer rate between the phases. The uniformity of the phases in the radial direction (RPC columns of larger diameter) is also expressed, without channelling and dead zone effects or recycle flow. The relatively small external power consumption used for mixing the column content enables good mixing and phase dispersion, especially in the case of immiscible phases (aqueous and organic).
If laminar flow does not exist, the main problem in defining the mathematical model of a real reactor is how to define the fluid velocity profile. In such cases the dispersion model based on the assumption of the empirical parameter (dispersion coefficient) in the model equation is very often used. The mixing effect (in the axial and radial directions) is determined by a mathematical expression taking into account the effect of phase dispersion (dispersion model), which is determined by the effect of molecular diffusion. The residence time distribution function (F -function) and its density (function E = dF/dt) can be used for determining the coefficient of axial mixing (model parameter) based on the calculation of the central 9 :
and non-central moments of the E-function:
The first non-central moment represents the average value of the E-function or the mean residence time of the fluid in the reactor (column), while the second central moments represent the dispersion of the residence time (s t 2 ). By applying Eqs. 1 and 2, one can calculate the moments of the specific type of dispersion model (Table I) 
Different mathematical correlations derived for the calculation of axial dispersion in a RPC are given in Tables II-VI in cm; f = 0 -10 Hz; 12 Skala (1976) 13 Water¯; D c = 5.08 cm; f = 2.2 - 
Michell and Furzer (1972) 24 
EXPERIMENTAL
The RPC consisted of a Pyrex tube equipped at the top and bottom with positions for the inlet and outlet of the liquid and gas phase. It could be operated in the counter-current mode (L -the liquid phase flow from the top to the bottom of the column and G -gas phase in the opposite direction), while the solid phase was used as a charge in the column. The vibration frequency of the perforated plate set was adjusted by a reduction control device and measured using an inductance counter.
A scheme of the experimental set-up in the case of a column of 2.54 cm i.d., as well as the plate characteristics (dimensions) are shown in Fig. 1 , while the geometrical characteristics of the RPC used in this study and the operating parameters are given in Table VII . The stimulus-response method based on tracer usage was applied for the determination of the residence time distribution function. An aqueous solution of tracer (sorbic acid; 2,4-hexadienoic acid; Industrie Betreuung-Belieferung, Gold-Schuidz, Austria). The tracer was injected into the liquid phase (water) at the column inlet (liquid phase) with the rate of injection presented in the form of a Dirac function (delta signal), and the response of such a signal was measured at the column outlet. In such a way the E -function (density of the residence time distribution function or external age distribution function) was determined and further processed with the goal of determining the Peclet number (Pe) and axial dispersion coefficient (D L ).
One part of the liquid at the outlet of the RPC was transferred to the quartz cell of a UV detector (LKB 2138 UVICORD S) with a peristaltic pump (LKB 2132 Micro Perpex Pump) for continuous measurement of the concentration of sorbic acid at 254 nm. The obtained data was continuously recorded (LKB 2210 Potentiometric Recorder). The quartz cell 2138-100 had a volume of 70 ml, with a light path of 5 mm.
Air from a compressor (4 bar) was used as the gas phase and introduced at the bottom of the column through a corresponding nozzle at a constant pressure of 170 kPa using an adequate pressure regulator. The gas flow rate was adjusted by a valve and measured by a rotameter (VEB Prüfgeräte-Werk Mechanik Medingen). Aspecieal procedure and device was used to avoid flooding of the column at the beginning of gas flow. This device is a valve operating in the on-off regime for a few seconds, but only at the beginning of gas flow at the column bottom. After that period the valve was continuously open.
Tap water was used as the liquid phase. It was transferred from a reservoir 70 cm above the column into the RPC. The level in this tank was kept constant, so the pressure of the inlet water stream was always constant allowing a precise flow rate of the liquid phase.
Polypropylene spheres (density 890 kg/m 3 and diameter 8.3 mm) were used as the solid phase in the 588 NIKOLI] et al. Fig. 1 . Scheme of the experimental set-up (column diameter, i.d. = 25.4 mm), the solid phase arrangement and the dimensions of one plate mounted on the vibration set. Legend: C -compressor; E -excenter; EMelectromotor; GD -gas distributor; LO -liquid outlet; P -pump: RC -recorder; RM -rotameter; S -syringe; UV -detector; V -valve; VS -vessel for the liquid phase.
RPC. The content of PP spheres was 5.61 % (calculated to the column volume), and their distribution was ordered (5 spheres were placed in every second space between two adjacent plates, Fig. 1 ).
RESULTS AND DISCUSSION
The determined axial dispersion coefficient in the case of one phase (L) flow ranged from 0.81 to 5.79 cm 2 /s, for the two phase G-L system from 1.61 to 6.47 cm 2 /s, and for the two phase L-S system from 1.55 to 14.12 cm 2 /s, and for the three phase G-L-S system from 1.19 to 8.58 cm 2 /s.The obtained data for the G-L system were almost identical to some previously published in the literature which ranged from 2.31 to 7.61 cm 2 /s for U G = 0.80 -3.13 cm/s, Af = 0.66-9.17 cm/s, and for counter-current flow of the gas (air) and liquid phase (the same type of column with 65 plates, i.e., 64 sections between the plates; i.d. 2.54 cm). 18 Only a negligible influence of the continuous phase flow rate (water) on the axial dispersion was determined in one (L) and two phase (G-L) systems as indicated in Fig. 2 and also mentioned in some other investigations. 25 A slightly greater influence of the liquid flow rate was detected in two (L-S) and three phase systems (G-L-S). By introducing the solid phase as a charge into the RPC, which was regularly distributed along the column height, i.e., in the axial direction, the mixing of phases (L or G and L) inside the column became more intensive and, consequently, the axial dispersion increased. There are only a few data concerning the influence of the solid phase on mixing and axial dispersion in the literature. 26, 27 In this investigation one can imagine that the PP spheres had a similar influence on liquid flow as do gas bubbles. The effects of channelling and recycling of the liquid around the solid spheres is based on the same mechanism as those around gas bubbles, the only difference being that the dispersion (disintegration) of solid spheres can not be improved with a higher vibration intensity as is possible in the case of gas bubbles. The difference between the densities of the liquid phase and PP spheres (1000 and 930 kg/m 3 , respectively) was much smaller compared to the same difference between the liquid and gas phase. Avery small probability of PP sphere accumulation just below the plate exists in the case of those spheres placed in a space between two plates that is usually observed in a G-L system at a lower vibration intensity (the so called M-S regime of column operation). On the other hand, the diameter of the PP sphere (8.3 mm) is larger than the hole diameter of the plate (8 mm), so physically it is impossible for the spheres to be transferred from one to the other interplate space (Fig. 1 ).
An additional effect of the gas, solid or both phases together on liquid phase mixing in the RPC is presented in Fig. 3 . As may be seen from the calculated dispersion coefficient, at smaller vibration intensity (Fig. 3a) , the increase of axial mixing caused by the presence of the solid phase (PP spheres) in the RPC is smaller than those induced by the presence of a gas phase. Furthermore, the effect of gas superficial velocity on axial mixing (D L ) decreases with increasing vibration intensity (Fig. 3b) . Data on the axial dispersion were gathered at a vibration intensity of I = 7.05 cm/s and could be divided into the following ranges: D L increases in the L-S system in the presence of the solid phase (1.8 to 2.58 times larger), and for the G-L-S system (1.6 to 1.8 times larger) compared to the D L value for a one phase (L) system. Moreover, for the same I value, the ratio of axial dispersion in G-L and L systems is about 1 (Fig. 3c) . Axial dispersion seems to be more pronounced for the L-S, somewhat smaller for the G-L-S and negligibbe for the G-L system. On further increasing the vibration intensity to values greater than 9.4 cm/s, the axial dispersion in the G-L-S, as well as in the G-L, becomes equal to the values of D L in the case of a one (L) phase system, the ratio of these axial dispersions being in the range of 0.7 and 1.2. Only in the case of the L-S system, does liquid back mixing, expressed in the form of the D L -coefficient of axial dispersion, deviate to a larger extent from the corresponding value for a one phase system (1.6 to 2.4 times - Fig. 3d ). Increased vibration causes uniformity and better gas bubble dispersion in the liquid phase and, consequently, axial mixing in the G-L as well as in the G-L-S RPC are almost the same. Figs. 3a and 3d confirm that a complex interference probably exists between the vortex created by the mixing device (vibration of the perforated plate set) and those caused by the liquid flow.
The relations between the axial mixing and superficial gas velocity U G in the case of two (G-L) and three phase (G-L-S) RPCs are given in Fig. 4 . Axial dispersion increases (G-L system) with increasing gas flow rate for the smallest vibration intensity (I = 2 cm/s, Fig. 4a ), as well as for a 2 times higher vibration intensity (I = 4 cm/s, Fig. 4b) . However, at I = 7.05 cm/s (Fig. 4c) there is no evidence that the superficial gas velocity influences the axial dispersion of the liquid phase in the G-L system, while the axial dispersion decreases in the G-L-S system. At the largest vibration intensity, I = 9.4 cm/s (Fig. 4d) , the decreasing tendency of the axial mixing is accompanied by an increasing superficial gas velocity in the case of the G-L system. For the three phase system (G-L-S), a decrease of D L is evident up to a certain values of U G (the existence of a minimum at U G = 0.5 cm/s) and then back-mixing of the liquid phase starts to slightly increase again.
Gas bubbles cause the main mixing of the liquid phase for the G-L system in the case of the lowest vibration intensity. The up-flow of gas bubbles through the holes of the perforated plates is the main reason for the back-mixing of the liquid phase in this regime of col-umn operation compared to the effect of mixing initiated by the vibration stirrer. However, at the largest vibration intensity (I = Af), the bubble dispersion slightly decreases ( Fig. 4 ; I = 9.4 cm/s) with increasing superficial gas velocity. The reduction of D L at the highest U G might be caused by a reduced effect of liquid circulation and the formation of many small bubbles in each interplate space when the column operates in an emulsion regime. Other effects, such as the accumulation of gas bubbles under the plates are less probable with the large open area of the plates used in this study (51 %). The same conclusions that D L increases with increasing U G at lower vibration intensities, almost independent of the vibration in the case of moderate intensities, and that D L decreases in the case of larger gas flow rates and high vibration intensities have been drawn in other investigations of axial mixing in a RPC of the following geometry and operating conditions 11 Such behavior might be explained by the formation of a liquid vortex, its movement and, finally, its disappearance. At lower vibration intensities in the L-S system there is a small number of vortexes and, also, the size of the individual vortexes is small because only a limited number of solid spheres are present in the RPC. By introducing the gas phase in the RPC, thus making a three phase G-L-S system, the number of smaller-sized bubbles increases as does the number of liquid vortexes. These vortexes are formed in the simultaneous movement of plates, bubbles and solid particle. As the number of solid spheres in the RPC in the case of L-S and G-L-S system is the same, the number of vortexes increases only as a consequence of the larger number of bubbles. It is then to be expected that the presence of gas in the RPC increases liquid mixing, i.e., axial dispersion. On the other hand, in the case of the L-S system, increasing the vibration intensity in the absence of gas bubbles causes the formation of a larger vortex thus causing greater axial mixing. However, in the presence of the gas phase, a large number of small bubbles is created which are formed by the disintegration of larger bubbles in contact with the plates and solid spheres thus depressing the liquid circulation in the column. The vortex lifetime is decreased by gas bubbles passing through it. Simultaneously bubbles also influence the creation of vortexes, meaning that many smaller vortexes can probably be formed and they can move in all directions. These different mechanisms of vortex formation and interference again decrease the vortex lifetime and, consequently decrease the axial mixing effect. However, it must be pointed out that the change in vibration intensity, defined simply as the product of the amplitude (A) and frequency (f) of vibration (I = A . f), as shown in Fig.  4 , was caused by changing both operating parameters (A and f). It has previously been re- ported [28] [29] [30] that the amplitude has a negligible effect on axial mixing in the case of single and a more expressed influence in two phase RPCs. During dispersion mixing in a RPC, in the case of this investigation characterized by a distance between two plates of 2.54 cm, and 1 cm amplitude, there is one small zone of relatively low mixing inside this space which the plates do not reach at all (plate movement from the maximum to minimum position, i.e., 2A). Stevens and Baird 14 defined this space inside one compartment of a RPC (i.e., the distance between two adjunct plates) as a region of "pure" mixing as opposed to the other part of one compartment which was designated as the "well" mixed zone. The pure mixing region is represented by a relatively small volume of column space (0.5 cm length) in the case of a 2.54 cm compartment (distance between two plates) and A = 1 cm, which can also be mixed well by vortex movement. In the other case presented in Fig. 4 , where A = 2.35 cm, the distance of the space with good mixing behavior (2A) is 4.7 cm with an overlapping zone of two adjacent compartments of more than 2 cm. These regions are, according to the above analysis, mixed two times better compared to the other zones in the RPC. The optimal distribution between the plate distance (h) and amplitude of vibration (A) the case when a "pure" mixed region does not exist would be h = 2A. The dependence of axial mixing on the vibration intensity for one-, two-and three-phase systems is presented in Fig. 5 . Generally, axial mixing (D L ) is more expressed in the presence of the solid phase (L-S and G-L-S systems), and also for systems without gas flow (aeration).
The relative increase of axial mixing is shown in Figs. 6 for G-L (6a), L-S (6b) and G-L-S systems (6c) compared to the axial mixing of a single phase RPC (L only). The presence of the gas phase increases back-mixing of the liquid phase 0.75 to 4 times (Fig.  6a) , the solid phase 1.25 to 2.75 times (Fig. 6b) , and both of these phases together (Fig. 6c) 1 to 4.75 times. The ratio of axial mixing in systems which include a gas phase (G-L and G-L-S) and the one phase system (L) decreases with increasing vibration intensity. In a RPC without aeration (L-S), this ratio is variable and higher for intensive mixing (larger vibration intensity). For the G-L system this ratio is almost 1 for I > 7 cm/s.
The obtained results indicate that axial mixing depends on the vibration intensity, the superficial gas and liquid velocity, column diameter and content of solid phase in the column. In the case of a one phase liquid system (L only), the following correlation between the operating parameters and the axial mixing coeffcient was derived by applying statistical analysis:
The difference between the value calculated according to equation 4 and the experimentally determined value of the dispersion coefficient is ± 15.5 %. The same type of cor- relation was derived for all the other investigated systems as follows.
G-L system:
L-S system:
G-L-S system:
All of the above correlations may be applied only in the cases of reciprocating plate vibration (I > 0).
For I = 0 another type of correlation was tested by using the ratio of the Peclet number (as the y-axis, Pe -1 ) and the product of the Reynolds and Schmidt number (defined on the x-axis). In a log-log plot such a correlation showed linear dependence with a small difference between the calculated and experimentally determined values of axial mixing. Such a correlation was also tested for some other data published in the literature (Fig. 7) .
According to the values of the axial dispersion coefficient measured in the RPC and those values determined in other types of columns (bubble column and packed bed), it can be concluded that the much smaller back mixing in a RPC favorizes a specific type of heterogeneous catalyzed reaction between the gas and liquid phase. A brief schematic overview of the mixing effect is presented in Figs. 8 and 9 .
CONCLUSIONS
Good agreement between the determined axial dispersion coefficient in a RPC and that published in the literature for the same column geometry and similar operating parameters was obtained for one phase (L-liquid only) and two-phase systems (G-gas and L-liquid phase counter-current flow). New data on the axial mixing effect are presented for a three-phase RPC system. The presences of the gas-phase in a RPC increases the axial mixing, which is more expressed at higher gas and liquid (counter-current flow) superficial velocities. Gas bubbles influence channelling and liquid recycling, which means a higher degree of axial mixing.
The additional effect of the solid phase on axial mixing is smaller compared to the ad- ditional effect of the gas phase for smaller vibration intensities. The largest increase of axial mixing occurs in aerated two-and three-phase systems at lower vibration intensities. An almost identical effect of mixing exists in the case of the L, G-L and G-L-S systems. A larger deviation was observed only for the L-S system. The presence of a solid phase in the RPC increases axial mixing to a smaller extent at lower vibration intensities, low liquid flow rate and at higher vibration intensities. Such an effect is very important in the case of RPC usage as a bioreactor where axial mixing inside a column could be adjusted to a value enabling the highest reactor productivity.
In the presence of the gas phase, axial mixing of the liquid phase depends mostly on the presence of bubbles and their movement (lower vibration intensity). However, at higher vibration intensities many smaller bubbles are created, which have the tendency of decreasing the lifetime of the vortexes in the liquid phase, thus leading to lower axial dispersion of the L phase. Comaparison between L and G-L, as well as between L-S and G-L-S systems (i.e., systems without and with aeration) indicate that in the cases of the aerated systems, the vibration intensity has a smaller effect on axial dispersion. The corresponding dependencies of axial dispersion and vibration intensity indicate the existence of a similar mechanism (curve type) and the value of the dispersion coefficient is only higher in the presence of a solid phase.
The correlations for determining the axial dispersion coefficient was derived for the different systems used in this study, of which the more important ones are for L-S and G-L-S systems. Ispitivan je uticaj intenziteta vibracije i protoka gasa na aksijalnu disperziju te~ne faze u prisustvu sfernih~estica polipropilena koje su kao {ar`a~vrste faze unete po odre|enom rasporedu u Karovu kolonu (kolona sa vibracionom me{alicom). Odre|ivawe koeficijenta aksijalne disperzije te~ne faze zasnovano je na primeni metode pobude i odziva tj. na bazi eksperimentalno odre|ene funkcije gustine raspodele vremena zadr`avawa te~nosti u koloni. Vodeni rastvor sorbinske kiseline, koji je u obliku impulsnog signala dodavan u te~nost koja priti~e u kolonu, upotrebqen je kao obele`eni deo fluida (traser), a spektrofotometrijski izmerena koncentracija sorbinske kiseline na izlazu iz kolone sa vibracionom me{alicom je bila osnov za odre|ivawe funkcije gustine raspodele vremena zadr`avawa (E-funkcije). Analizom eksperimentalno odre|ene E-funkcije i one koja va`i za model strujawa u kome postoji aksijalno me{awe te~ne faze izra~unavan je koeficijent aksijalne disperzije te~ne faze. Ovako izmereni i izra~unati podaci o strujawu te~nosti u koloni iskori{}eni su u ciqu izvo|ewa odgovaraju}ih korelacionih zavisnosti koje mogu uspe{no da se primene za predskazivawe koeficijenta aksijalne disperzije u koloni sa vibracionom me{alicom tipa Kar, unutra{weg pre~nika 2,54 cm. Ove korelacije povezuju koeficijent aksijalne disperzije, protok gasa i te~ne faze i intenzitet vibracije za dvofazni sistem gas-te~nost, odnosno protok te~ne faze, sadr`aj~vrste faze i intenzitet vibracije za sistem te~nost-~vrsta faza, i protoka gasa i te~ne faze, intenziteta vibracije i udela sfernih~estica polipropilena u koloni u slu~aju analize strujawa te~ne faze u trofaznom sistemu gas-te~nost-~vrsta faza u ovoj koloni. 
